Abstract: The key to achieving successful, reproducible results following the introduction of beneficial microbes into soil relies on the survival rate of the inoculated bacteria in a heterogeneous soil environment and hence an improved encapsulation method was developed. Owing to the constraints associated with the inoculum formulation, in this study, encapsulation of a plant growth promoting bacteria (PGPB) isolate Bacillus subtilis CCpg104 was attempted with alginate by enriching the bead microenvironment with humic acid. High viability of the encapsulated bacteria was observed with minimum cell loss upon storage for 5 months. Steady and constant cell release from the bead was observed for 1 week at different pH. Encapsulated cells remained active as evidenced by their ability to solubilize calcium phosphate in vitro. Successful plant growth promotion of lettuce by the encapsulated bacteria under gnotobiotic and sterile environment was also achieved. Feasibility of this improved encapsulation technique is mainly due to the dual benefits of humic acid to microbe and plant and its chemical properties allowing an easy mixing with alginate without interfering in the formation of the alginate gel beads by cross-linking with Ca 2þ ions. Thus, the encapsulation method described in this study can be effectively used to protect the PGPB inoculum from adverse conditions of the soil for their successful establishment in the rhizosphere. ß
INTRODUCTION
Current agricultural practices emphasize on environmental sustainability by limiting the use of chemical fertilizer and pesticides. Soil bio-amendments offer promising alternatives to minimize the deleterious effects of chemical fertilizers (Bashan, 1998) . Ability of the microorganisms to produce and release various metabolites affecting plant growth and health is considered one of the most important factors in soil fertility (Ping and Boland, 2004) . The applications of plant growth promoting bacteria (PGPB) into agricultural soils have proven to enhance the crop yield tremendously (Bowen and Rovira, 1999; Glick, 1995) . Plant growth promotion by the PGPB can be either through, phytostimulation, biofertilization, bioremediation, or biocontrol of plant pathogens (Bashan and de-Bashan, 2005; Bloemberg and Lugtenberg, 2001) . The ability of phytohormone production, nitrogen fixation, phytopathogen antagonism, cyanogenesis, phosphate solubilization and ACC deaminase activities are the main PGP-related traits beneficial to plant. In addition to the above mentioned traits, PGPB must also be rhizosphere competent, able to survive and flourish in soil following inoculation (Cattelan et al., 1999) .
Soil being a heterogeneous, unpredictable environment, the inoculated bacteria finds it often difficult to establish a niche for survival amongst the competitors and predators. The immediate response varies considerably depending on bacteria, plant species, soil type, inoculant density, and environmental conditions resulting in a progressive decline in the inoculated bacterial density thereby fails to elicit intended plant response. A major goal of inoculant formulation is to provide more suitable microenvironment for survival in soil. Formulation of inoculant carrier is an industrial art of converting a promising laboratory proven bacteria to a commercial field product (Bashan, 1998) . Immobilization of microbial cells into polymer matrix has proved to be advantageous over direct soil inoculation (Cassidy et al., 1996) . The main goals of encapsulation of PGPB is to protect them from harsh soil environment, reduce microbial competition and release them gradually to facilitate colonization of plant roots (Bashan et al., 2002; Vassilev et al., 2001) .
Encapsulation of living cells in polymeric gel is a wellestablished technology in a broad and increasing range of different applications (Park and Chang, 2000) . The gel-like matrix allows the cells to remain viable and with its catalytic ability for longer duration. Several studies thus far have used alginate as the encapsulating material as it forms microbeads instantaneously in presence of polyvalent cations by binding the cation to guluronic acid units (Witter, 1996) in one step with sufficient mechanical strength. Moreover, alginate beads are capable of entrapping sufficient number of bacteria (Fenice et al., 2000; Zohar-Perez et al., 2002) . The use of encapsulated cells for environmental applications has several advantages over free cell formulations namely, protection from biotic stresses (Smit et al., 1996) and abiotic stresses such as the inhibitory effect of toxic compounds (Cassidy et al., 1997) , enhanced survival and improved physiological activity (Weir et al., 1995) , supply of encapsulated nutritional additives (Trevors et al., 1993) , increased cell densities and preferential cell growth in various internal aerobic and anaerobic zones of encapsulating gel. The encapsulation technologies face the trade-off among several major considerations such as, mechanical stability, controlled release, environmentally responsive, biodegradable, and cost-effectiveness.
Importance of formulation in maintaining the microbial cells or the active ingredient in a metabolically and physiologically competent state in order to obtain the desired benefit when applied to soil is of significant concern. Formulation typically should contain active ingredient in a suitable carrier and additives that will aid in the stabilization and protection of the microbial cells during storage, transport and at the target zone. The development of novel formulations is a challenging task but, regardless of whether the product is new or improved, the product must be stable during storage and transportation, easy to handle and apply, enhance the activity of the organism in the field, be cost-effective and practical.
Bacterial strain, B. subtilis CC-pg104 was isolated from the compost and was investigated previously for apparent plant growth promoting traits was used in this study. This strain was capable of IAA and siderophore production, calcium phosphate solubilization, nitrogenase, amylase, cellulase, pectinase, alkaline and acid phosphatases, esterase, a and b-glucosidase activities (unpublished).
The present study demonstrates an improvement in the encapsulation of PGPB using alginate as carrier by supplementation with humic acid to support the bacterial survival. The effect on storage, performance and efficacy of bead encapsulated PGPB inoculum compared to free cell inoculum in promoting the plant growth of lettuce was also assessed.
MATERIALS AND METHODS

Bacterial Strain, Growth and Culture Conditions
Bacterial strain, B. subtilis CC-pg104 was cultivated in honey broth medium containing (g per l of distilled water) 3 g honey, 0.15 g NH 4 NO 3 , 0.05 g CaO, 0.04 g KH 2 PO 4 , 0.1 g MgSO 4 .7 H 2 O, 0.001 g MnSO 4 .7 H 2 O, 0.001 g FeSO 4 .7H 2 O, 0.5 g yeast extract and was incubated at 308C for 48 h in an orbital shaker (180 rpm). The cells were harvested by centrifugation (48C, 5,000Âg, 10 min) during log phase of growth with a cell density of 4 Â 10 8 CFU/ml. The partial 16S
rDNA gene sequence of CC-pg-104 was submitted to NCBI, GenBank earlier and the accession number is AY149235.
Seed Germination Bioassay
To evaluate the early plant growth promotion by B. subtilis CC-pg104, lettuce (Lactuca sativa L.) seed germination bioassay was conducted. In brief, 12 lettuce seeds (KnowYou seed company, Taiwan) each were arranged randomly on two sheets of 70 mm filter papers (Advantec, Toyo, Roshi Kaisha Ltd., Japan) placed in petri plates and soaked with 2 ml each of 1, 0.5, and 0.1% B. subtilis CC-pg104 cell suspension (stock with 2 Â 10 8 CFU/ml) separately in triplicates. Control treatment received 2 ml of sterile water. The plates were incubated at 288C under dark. Germination rate, root and shoot elongation were scored with respect to the control after 72 h.
Alginate and Humic Acid
A medium viscosity (500 m Pas) sodium alginate was purchased from Kishida Chemicals Co. Ltd., Osaka, Japan. Alginate solution (2% w/v) was prepared by dissolving the powder in distilled water with agitation using magnetic stirrer at room temperature and was autoclaved at 1218C for 20 min. Humic acid was extracted from a peat soil sample collected from Indonesia by alkaline extraction (Young et al., 2004) . Air dried peat soil (200 g) was mixed by shaking with 2,000 ml solution of 0.1 M NaOH and 0.1 M Ca(OH) 2 (1:1) at 270 rpm for 4 h, and centrifuged (12,000Âg) for 30 min. The supernatant was acidified with 6 M HCl to pH 1 overnight. The humic acid fraction was filtered on a sintered glass funnel, and dried at 808C. Humic acid stock solution (10%, w/v) was prepared by dissolving humic acid obtained from soil in deionized water and stored in dark till use. The elemental analysis of humic acid was carried out with Heraeus CHN-OS Rapid Elemental Analyzer (Heraeus, Germany) in triplicates. Particle size distribution of humic acid was studied by an N-5 Submicron particle size analyzer (Beckman coulter, Germany) at 258C by an angle of 908.
Preparation of Alginate Beads
All the glassware and solutions used in the protocols were sterilized at 1218C for 20 min. Alginate beads were prepared according to the methods outlined in Bashan (1986a) with modifications. Briefly, a mixture of 2.5 ml of 10% humic acid and 750 ml of 30% glycerol were added to 2% sodium alginate solution to obtain a final volume of 25 ml. Exactly 250 ml of bacterial culture was centrifuged, the cell pellet was washed with saline (0.85% NaCl, w/v) and suspended in 25 ml of alginate-humic acid mixture and mixed thoroughly. This suspension was extruded through a 26-gauze needle drop wise into a pre-cooled sterile 1.5% (w/v) aqueous solution of CaCl 2 under mild agitation. The water-soluble sodium alginate was converted into water-insoluble calcium alginate beads. Thus instantaneously formed beads were allowed to harden for 3-6 h at room temperature. Beads were collected by sieving and were washed several times with sterile water and stored at 48C in 0.85% (w/v) saline for further investigations. Ten grams of fresh wet beads were frozen at À808C for 6 h prior to lyophilization at À458C for 15 h. The lyophilized dry beads were stored in sterile glass bottles for further analysis.
Enumeration of B. Subtilis CC-pg104 Cells in the Beads
To estimate the viable counts, the encapsulated bacteria were released from the beads by re-suspending 100 mg of beads in phosphate buffered saline (pH 7.0) for 30 min followed by homogenization. The total number of released bacteria was determined by standard plate count method after incubating at 308C for 48 h. At every month interval the cell densities in the beads were enumerated using similar method as to study the cell loss upon storage (Bashan, 1986a) .
Examination of Gel Beads
The diameters of fresh wet and lyophilized dry beads were determined using a light microscope and an ocular and stage micrometers. Bead weights were expressed in mg. Bead hardness, was measured using a Rheometer (Model CR-200D, Sun Scientific Co. Ltd. Japan) equipped with a stainless steel plunger P3 (10 mm). The lyophilized beads were coated with gold and observed in a scanning electron microscope (TOPCON ABT-150S) attached with Advantest R6551 CL spectrometer. The detectable wavelength range of the spectrometer is 200-800 nm with an accelerating voltage of 15 kV.
Swelling of Lyophilized Beads
Swelling ability of the dried beads was measured by suspending 10 dried beads in 10 ml sterile deionized water in triplicates. The sample was shaken gently and change in the bead weight was recorded at hourly interval for 6 h.
Release of B. Subtilis CC-pg104 Cells From the Beads
Beads (100 mg) were washed in sterile water and transferred to 10 ml of sterile saline (0.85%) with different pH range (6, 7, and 8) and was incubated at 308C for 6 days under gentle shaking. Saline samples (100 ml each) were collected from all the pH ranges and the number of released cells was determined by standard plate count method. In additional test, the beads were collected, washed and suspended in fresh saline solution and incubated. The cell released by the beads was counted, as described above at different incubation intervals (24, 48, 96 , and 144 h).
P-Solubilization by the Bead Entrapped Bacteria
In vitro P-solubilization ability of the encapsulated bacteria was assessed on tricalcium phosphate agar plates (Nautiyal, 1999) by placing four beads separately in each plate. Dry beads were presoaked (in sterile water at room temperature for 3 h) before placing. Beads devoid of any entrapped bacteria served as control. Experiment was replicated twice. After 48 h incubation period the halo zone diameter and the bead diameter was recorded separately. P-solubilization index was calculated as the ratio between the halo zone diameter and bead diameter.
Evaluation of Plant Growth and Root Colonization by Bead Entrapped CC-pg-104 on Lettuce Plants
A quartz sand jar experimental set up as described by Simons et al. (1996) was used to evaluate the effectiveness of encapsulated PGPB on the lettuce growth under gnotobiotic conditions. Briefly, free cells (1 ml) of B. subtilis CC-pg104 (1 Â 10 8 CFU) and 100 mg of beads containing B. subtilis CC-pg104 were inoculated separately into glass jars with quartz sand (quadruplets) planted with three pre-germinated (24 h) lettuce seedlings which was trimmed after 5 days to retain a single plant. The moisture content of the jar was 50% initially and 5 ml of sterilized Hoagland solution (Hogland and Arnon, 1950) provided nutrients to the plants in the jar. Beads were carefully placed below the surface of quartz sand. A control received all the above treatments with an exception of bacterial inoculant in any form. Jars were arranged randomly in growth chamber maintained at 288C with 12 h photoperiod. During every 7 days interval after inoculation, plants and adhering sand was carefully removed from the jars. Roots were washed in sterile phosphate buffer (pH 7.0) for studying the root colonization by the introduced bacteria as outlined in Matthysse and McMahan (1998) . For the measurement of root length, fresh roots were aseptically cut into 10 mm pieces and spread at random in a tray marked with gridlines and was calculated as described by Newman (1966) . For all the variable data mean and standard deviation were calculated.
Statistical Analyses
One-factor analysis of variance (ANOVA) followed by student t-test (Post-hoc analysis) (Stat Soft, Inc., 1995) was performed to assess the difference between different treatments and for the temporal data. Level of significance unless specified is P < 0.01.
RESULTS
The pH and electrical conductivity (EC) of humic acid was 8.9 and 0.82 mS/cm, respectively. The particle size variation in the humic acid was observed with 60% being of the size 5 mm and remaining 40% of the size range between 0.04 and 0.5 mm. The elemental composition of humic acid was 56%C, 8.3%H, 36.7% of O and 2.6% of N. Role of the bacterial isolate B. subtilis CC-pg104 on the seed germination rate, root and shoot elongation in the early stages of lettuce plant growth as evidenced by the 72 h seed germination bioassay (Table I ). Significant increase (P < 0.01) in the root and shoot lengths with the increase of 28 and 33% respectively was observed following the inoculation with 2 Â 10 7 CFU/ml cell suspension ofB. subtilis CC-pg104 but, the germination rate was 6% lower than the control. Similarly when the seeds were inoculated with 1 Â 10 7 CFU/ml cell suspension of B. subtilis CC-pg104, root and shoot elongation was 7 and 51%, respectively, higher than the control treatment, while 4% increase in the germination rate was also observed. Humic acid also showed direct influence on the shoot elongation at low concentrations of 0.01 and 0.001%, whereas, no significant increase in the root elongation compared to the control was observed with 0.001% concentration of humic acid.
The humic acid enriched beads were spherical in shape with a diameter ranging between 2 and 3 mm. The average weight of bead was 7 AE 1.5 mg. Figure 1(a-d) shows the external morphology and the cross section of the beads as observed under scanning electron microscope. The uniform distribution of humic acid particles in the beads was also observed. Drying of the beads resulted in uneven surface of the bead and decreased volume. 93.4% reduction in the weight and 55% reduction in volume were recorded following lyophilization. Upon re-swelling, however, the original shape was restored. The complete swelling to the original size was achieved within 3 h, however, when left in sterile water the beads could swell until 6 h resulting in almost double of the original fresh bead weight. Encapsulation of B. subtilis CC-pg104 in humic acid enriched alginate yielded wet beads (beads without any form drying) loaded with significant numbers of bacteria (2 Â 10 8 CFU/g). Data following same comment letter in superscripts are not significantly different (P < 0.01). Lyophilization of the beads resulted in high viability of the cells (1 Â 10 10 CFU/g) with minimum cell loss. Physical properties of the beads are presented in Table II . Studies on cell release pattern indicated that the beads were capable of releasing cells for more than 6 days in saline (Fig. 2) . Initial cell release was significantly higher at pH 8 than at pH 7 and 6. Upon storage of wet and dry (lyophilized) beads initial cell densities were retained with minimum cell loss. In vitro Psolubilization by the encapsulated B. subtilis CC-pg104 on calcium phosphate plates was significant with solubilization indices of 3.5 AE 0.7 and 3.3 AE 1.2, respectively, for wet bead and dry bead.
Inoculation of both free and bead encapsulated B. subtilis CC-pg104 to lettuce plants (Lactuca sativa L.) resulted in a desirable plant response compared to the uninoculated control plants. Shoot length of plants, treated with free cells showed significant (P < 0.01) increase compared to the plants treated with bead encapsulated B. subtilis CC-pg104 after 7 and 14 days of growth, respectively (Table III) . In contrast, after 21 days of growth the plants treated with bead encapsulated CC-pg104 showed significant increase (P < 0.05) in the shoot length (115 mm) than the free cell inoculated plants (90 mm). Increased root and shoot elongation was apparent in PGPB treated plants compared to control. Rhizosphere colonization by the free cell and encapsulated cell treatment varied significantly after the 7 days of incubation. The number of free cell inoculated bacteria were log 2 Â 10 3 CFU (cm of root) À1 and log 2 Â 10 4 CFU (cm of root) À1 in the rhizosphere (soil loosely bound to the root) and rhizoplane (bacteria adhering tightly to root) respectively. Whereas, in the encapsulated bacteria inoculated jars, the rhizosphere bacterial density was log 3 Â 10 7 CFU (cm of root)
À1 and density of rhizoplane bacteria was log 4 Â 10 5 CFU (cm of root) À1 .
DISCUSSION
Several strains of B. subtilis have proven to be efficient in plant growth promotion (Bai et al., 2003; Chanway, 2002) . The strain CC-pg104 used in the present study also displayed several enzyme activities including IAA production. Several strains of B. subtilis strains also have the ability to synthesize phytohormones such as, zeatin, gibberic acid, and absisic acid in vitro (Tang, 1994) . Direct stimulation on plant growth was observed in the present study, wherein, B. subtilis treated plants showed increased root growth and shoot growth. The stronger root system leads to an improved uptake of water and nutrients. Further, the ability of inorganic P-solubilization by the strain CC-pg104 is one of the most important factors of biofertilization and improving the P-availability to plant. The successful plant growth promotion by the free cell inoculum usually are restricted to gnotobiotic, growth chamber or green house studies but, in several instances this fails to yield under field conditions (Lucy et al., 2004) . This is mainly due to constraints in maintaining a threshold level (10 6 -10 7 CFU/ml) of the initial bacterial inoculum in the heterogeneous soil conditions as to promote plant growth significantly (Bashan, 1986b) . In most cases the high population densities initially established on roots decline over time and distance from the inoculation source, and the introduced strain comprises a progressively smaller proportion of the total rhizosphere microflora (Landa et al., 2002) . Threshold population densities can be maintained by applying larger initial dose of inoculum which is not economically feasible and also may inhibit plant growth (Bashan, 1986b) . Encapsulation enables slow and controlled cell release from the immobilization matrix of the alginate gel bead upon inoculation into soil and facilitates in establishing the stable PGPB population and the possibilities of decline in population over time can be minimized. It was evident from this study that the growth pattern of the plant varied between the free cell inoculation and the bead inoculation. Though in the bead inoculated plants the initial growth was slower, subsequent growth was more vigorous. 206 AE 12 NA P-solubilization index* 3.5 AE 0.7 3.3 AE 1.2
Sampling size (n ¼ 4). NA, data not available. *P-solubilization index was calculated as the ratio between the total halo zone diameter and bead diameter as observed in the plate culture. This may be due to the slow cell release from the beads. Moreover, the cell release pattern was also dependent on the pH of the medium.
In general, basic and the most important requisite of encapsulation are to maintain high cell density with maximum survival even after prolonged storage. It is a challenging task to incorporate a suitable additional material along with the active ingredient without causing cell death. In this study no deleterious effects by the supplementation of humic acid on the bacteria was observed. Even in a few instances we observed an increased cell numbers in the beads upon storage, which might be due to the porous gel matrix providing the space and the humic acid providing nutrients facilitating the bacterial multiplication within the bead environment. Lyophilized dry beads could able to swell to original size and shape within 3 h when soaked in water. This swelling to original shape and size is of importance for the cell release, when using the lyophilized dry beads. All these unique characteristics will help in the storage of the PGPB inoculum product before delivery into plant. Furthermore, the activities of the cells were retained and elicited plant response equal or more compared to the free cell inoculum, which explains the advantage of the inoculum formulation over the free cell inoculum.
Use of alginate as an immobilizing agent in most applications relies on its ability to form heat stable strong gels, which can develop and set at room temperatures under very mild conditions (Smidsrod and Skjaek-Braek, 1990) and during cross-linking, alginates do not undergo excessive swelling or shrinking, thus maintains its form (Simpson et al., 2003) . Further, alginate is the most abundant marine biopolymer, which can be biodegraded in soil (Bashan and Gonzalez, 1999) . This alginate gel network supported the bacterial densities in stable numbers even after 5 months of storage. Similar observations on the survival of bacteria even after 14 years in alginate beads were made (Bashan and Gonzalez, 1999; Cassidy et al., 1997) . The porous alginate gel matrix as observed in the scanning electron microscope, protects the cells against mechanical stress, facilitates the survival for prolonged storage period as well helps in cell release from the bead. It is also observed that the bacteria tend to occupy the pores present in the gel matrix (Bashan, 1986b) . Although a variety of biomaterials are available, alginate is preferred for encapsulation of microbial cells by several workers (Bashan et al., 2002) and the cell density within alginate beads can be maintained as high as 10 10 -10 11 CFU/g of bead (Chang et al., 1996) .
Additional supplementation of the gel beads with nutrient compounds is presumed to enhance the stability, provides protection and nutrition to the encapsulated cells (Bashan, 1986a) . Use of skim milk and clay are among the most applied amendments for gel entrapped soil microbial inoculants that showed better performance in soil (Vassilev et al., 2001 ). But, not all the amendments provide advantageous effects on the microbial cells, for example, Viveganandan and Jauhri (2000) found that charcoal-soil mixed with alginate, adversely affected the initial cell loading and also survival of P-solubilizing bacteria. In this respect, the use of humic acid as a supplementary nutrient for encapsulated PGPB in this study has offered several advantages over the existing enriching compounds. Humic acid in general is the most versatile organic compound. This is mainly due to its natural origin from soil processes, contains chemical structures which can oxidize or reduce elements, photosensitize chemical reactions and enhance or retard the uptake of toxic compounds or micronutrients to plants and microorganisms thereby greatly benefiting plant growth (Bacilio et al., 2003; Nardi et al., 2002) . Humic acid is colloidal in nature with particles of different size. In the present investigation, 60% particles were of the size 5 mm and remaining 40% of the size range between 0.04 and 0.5 mm indicating that bacteria may utilize these sub-micron particles for its immediate survival in the encapsulated state. In the rhizosphere, an interaction between the root system and humic matter is possible when humic matter present in the soil solutions are small enough to flow into apoplast and reach the plasma membrane (Quaggiotti et al., 2004) . Hence, we suggest that the humic acid entrapped in the bead will offer benefits to plant in addition to the microbe as evidenced by the enhanced root and shoot elongation in lettuce seedlings following the treatment even with lower concentration humic acid.
Above all, the feasibility of using humic acid as a nutritional supplement in the present encapsulation technique relies on its polyanionic nature, which facilitate in homogeneous mixing with a similarly charged alginate polymer. This character was the initial criteria for the selecting humic acid as an additional supplement particularly Each value is an average of four replicates with AE standard deviation. Capital letter A-C Data following the same comment letter in superscripts in a column are not significantly different (P 0.01).
a-c
Data following the comment letter in superscripts in rows corresponding to either root or shoot with same letter superscript are not significantly different (P 0.01).
with alginate in our experiments. In addition, it is expected that humic acid provided the C and N nutrition required for the encapsulated bacteria continuously. Owing to all the above benefits by the humic acid on soil and plant growth, we successfully demonstrated that humic acid can be used as a supplementary nutrient during encapsulation of PGPB as soil inoculants.
A number of recent studies carried out on the application of immobilized, mainly entrapped and encapsulated, cells of microorganisms undoubtedly shows their advantages over traditionally used free cell inoculation in processes such as rock phosphate solubilization and nitrogen fixation (Bashan et al., 2002; Fenice et al., 2000) . The potential modification in formulation described here will be useful to agro industry. The versatile nature of humic acid in the soil environment also extends the prospects of this encapsulation technique to the bioremediation of contaminated soil.
